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In  this  study,  a  direct  methanol  fuel  cell  (DMFC)  system,  which  is  the  first  of  its  kind,  has  been  developed 
to  power  a  humanoid  robot.  The  DMFC  system  consists  of  a  stack,  a  balance  of  plant  (BOP),  a  power 
management  unit  (PMU),  and  a  back-up  battery.  The  stack  has  42  unit  cells  and  is  able  to  produce  about 
400  W  at  19.3  V.  The  robot  is  125  cm  tall,  weighs  56  kg,  and  consumes  210  W  during  normal  operation. 
The  robot  is  integrated  with  the  DMFC  system  that  powers  the  robot  in  a  stable  manner  for  more  than 

2  h.  The  power  consumption  by  the  robot  during  various  motions  is  studied,  and  load  sharing  between 
the  fuel  cell  and  the  back-up  battery  is  also  observed.  The  loss  of  methanol  feed  due  to  crossover  and 
evaporation  amounts  to  32.0%  and  the  efficiency  of  the  DMFC  system  in  terms  of  net  electric  power  is 
22.0%. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Direct  methanol  fuel  cells  (DMFCs)  are  considered  to  be  a  poten¬ 
tial  power  source  for  mobile  and  portable  applications,  such  as 
cellular  phones,  notebook  PCs,  and  portable  electronic  devices 
[1-4].  Efforts  to  commercialize  DMFCs  as  a  portable  power  sys¬ 
tem  are  summarized  in  Table  1  [1,3-12].  However,  some  of  the 
unresolved  issues,  such  as  poor  reliability,  durability,  high  costs, 
and  low  power  density  remain  to  be  obstacles  in  the  commercial¬ 
ization  process.  Hence,  many  efforts  have  been  made  to  improve 
the  performance  of  the  membrane-electrode  assembly  (MEA)  and 
the  stack  of  the  DMFC:  modifying  the  structure  of  Nafion  mem¬ 
brane  [13,14],  developing  more  active  catalysts  [15,16],  optimizing 
the  operational  conditions  [4,17],  and  improving  the  stack  design 
[3,18-21]  to  increase  the  power  and  energy  density  of  DMFCs.  In 
this  study,  the  DMFC  was  employed  as  a  power  source  for  humanoid 
robots  by  improving  the  stack  design  and  optimizing  the  operation 
parameters  of  the  DMFC  system. 
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The  development  and  design  of  robots  have  recently  gained 
momentum,  because  robots  are  capable  of  performing  various 
kinds  of  work  normally  carried  out  by  human  beings.  For  example,  a 
robot  developed  by  Korea  Advanced  Institute  of  Science  and  Tech¬ 
nology  (KAIST),  which  is  popularly  known  as  HUBO,  can  perform 
various  kinds  of  activities.  An  important  issue  in  the  development  of 
humanoid  robots  is  the  efficient  provision  of  electric  power.  HUBO 
is  currently  powered  by  a  set  of  secondary  batteries,  and  the  robot 
can  be  operated  for  only  about  60  min.  In  order  to  increase  the  oper¬ 
ating  duration  of  the  robot,  the  power  provided  by  the  secondary 
batteries  has  to  be  supplemented  by  other  power  sources  that  can 
deliver  power  for  a  longer  period. 

This  study  focused  on  the  practical  aspects  of  the  DMFC/battery 
hybrid  system  to  power  the  humanoid  robot.  Load  sharing  between 
the  fuel  cell  and  the  battery  was  also  studied  during  various 
dynamic  motions  of  the  robot.  The  efficiency  of  the  DMFC  was 
calculated  on  the  basis  of  changes  in  the  current  and  the  voltage. 

2.  Experimental 

The  robot  center  at  KAIST  collaborated  with  the  DMFC  team  at 
KIST  to  power  a  humanoid  robot  using  the  DMFC/battery  hybrid  sys¬ 
tem.  The  humanoid  robot,  HUBO,  is  125  cm  tall,  weighs  55  kg,  and 
has  41  degrees  of  freedom  (DOF).  The  robot  was  equipped  earlier 
with  a  Li-ion  battery  as  a  source  of  electric  power,  and  was  sub- 


0378-7753 /$  -  see  front  matter  ©  2009  Elsevier  B.V.  All  rights  reserved. 
doi:10.1016/j.jpowsour.2009.07.014 


294 


H.-I.Joh  et  al.  /  Journal  of  Power  Sources  195  (2010)  293-298 


Table  1 

Prototype  DMFC  systems  developed  by  several  companies  and  research  institutes. 


Company  or  Institute 

Power  [W] 

System  volume  [ml] 

Fuel  volume  [ml] 

Application 

Chen  C.Y.  [1] 

20 

N/A 

N/A 

DVD  &  Note  PC 

KIST  [3] 

50 

N/A 

N/A 

LCD  TV 

KIER  [4] 

40 

N/A 

N/A 

Portable  Power  Supply 

Toshiba  [5] 

12 

825 

N/A 

Laptop  PC 

NEC  [6] 

14 

N/A 

300 

Laptop  PC 

Fujitsu  [7] 

15 

N/A 

300 

Laptop  PC 

LG  Chem.  [9] 

25 

1000 

200 

Laptop  PC 

Matsushita  Battery  Industrial  (MBI)  [10] 

13 

400 

200 

Laptop  PC 

AntigTech.  [11] 

45 

N/A 

N/A 

Laptop  PC 

Samsung  Advanced  Institute  of  Technology  (SAIT)  [8] 

N/A 

N/A 

100 

Laptop  PC 

SAIT  [12] 

2 

150 

N/A 

Portable  Power  Supply 

N/A.:  not  available. 


Methanol  cartridge  air 


Fig.  1.  A  flow  diagram  of  the  DMFC  system. 


jected  to  modification  by  the  team  at  KAIST  to  accommodate  the 
DMFC  system. 

The  DMFC/battery  hybrid  system  consisted  of  a  stack,  a  balance 
of  plant  (BOP),  a  power  management  unit  (PMU),  and  a  back-up  bat¬ 
tery.  A  Nation  115  membrane  was  used  as  the  polymer  electrolyte 
for  the  fabrication  of  membrane-electrode  assemblies  (MEAs).  The 
catalyst  loadings  in  the  anode  and  the  cathode  were  6.0  mg  cm-2  of 
PtRu  black  and  4.0  mg  cm-2  of  Pt  black  (Johnson-Matthey ),  respec¬ 
tively.  Machined  graphite  bipolar  plates  with  a  serpentine  flow  field 


were  used.  The  performance  of  the  stack  was  tested  under  various 
operating  conditions  to  determine  the  optimum  conditions  for  the 
DMFC  system  [22]. 

The  BOP  comprised  three  liquid  pumps,  an  air  blower,  a 
methanol  mixer,  a  methanol  reservoir,  gas-liquid  separators,  valves, 
and  heat  exchangers.  The  three  liquid  pumps  were  used  for  sup¬ 
plying  pure  methanol  to  the  methanol  mixer,  methanol  feed  to 
the  stack,  and  for  recirculating  collected  water  from  the  cathode 
side  heat  exchanger  to  the  methanol  mixer.  In  order  to  control  the 


Fig.  2.  A  flow  diagram  of  the  DMFC/battery  hybrid  system. 
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concentration  of  methanol  feed,  we  developed  a  methanol  control 
system  that  did  not  use  methanol  sensors.  Therefore,  methanol  sen¬ 
sors  were  not  included  in  this  DMFC  system  [23].  The  sensor-less 
methanol  concentration  controller  (SLCC)  was  designed  to  maintain 
a  constant  concentration  of  recirculating  methanol  feed  by  adding 
the  exact  amount  of  methanol  into  the  feed  stream  that  was  con¬ 
sumed  during  the  operation  of  the  stack.  In  order  to  achieve  this,  a 
methanol  consumption  map  was  developed,  which  could  be  deter¬ 
mined  by  measuring  the  methanol  consumption  rates  at  all  the 
operating  conditions  used  in  the  DMFC  system.  A  calculated  amount 
of  pure  methanol  from  the  reservoir  was  added  to  the  recirculating 
feed  stream  by  means  of  a  micro-pump.  The  dosing  rate  of  pure 
methanol  varied  with  the  size,  properties,  and  temperature  of  the 
stack,  and  the  amount  of  current  produced  by  the  stack.  The  details 
of  the  SLCC  have  been  described  elsewhere  [23]. 

The  PMU  was  equipped  with  a  SLCC  and  a  DC/DC  converter. 
The  PMU  also  acted  as  a  central  processing  unit  and  controlled  the 
operations  of  all  the  components  in  the  DMFC  system,  as  well  as 
distributing  electric  power  produced  from  the  stack  and  the  bat¬ 
tery  to  the  BOP  and  the  robot.  In  order  to  measure  the  efficiency  of 
the  PMU,  the  output  voltage  from  PMU  was  investigated  when  the 
power  with  constant  voltage  at  16  V  (or  19  V,  or  22  V)  was  supplied 
into  the  PMU  using  a  power  supply  equipment. 

A  flow  diagram  of  the  DMFC  system  is  shown  in  Fig.  1 .  A  diluted 
methanol  solution  was  fed  into  the  anode  and  ambient  air  was  sup¬ 
plied  into  the  cathode  of  the  DMFC  stack.  The  methanol  solution 
coming  out  of  the  stack  went  through  a  heat  exchanger  and  lowered 
its  temperature.  The  solution  was  then  collected  in  the  methanol 
mixer,  where  the  concentration  of  solution  was  brought  up  to  a 
given  value  by  adding  pure  methanol  from  the  methanol  reservoir. 
The  concentration  of  methanol  solution  in  the  mixer  was  controlled 
by  the  SLCC.  Ambient  air  was  fed  into  the  cathode  side  of  the  stack 
using  a  blower,  and  the  humidified  hot  air  coming  out  of  the  stack 
went  through  a  heat  exchanger  to  precipitate  water.  Flere,  the  col¬ 
lected  water  was  sent  to  the  methanol  mixer  to  compensate  for  the 
loss  of  water  that  occurred  at  the  anode. 

A  flow  diagram  for  the  generation  of  electric  power  in  the 
DMFC/battery  hybrid  system  is  shown  in  Fig.  2.  The  DMFC  stack 
was  connected  in  parallel  with  a  back-up  battery,  which  could  pro¬ 
vide  power  if  the  total  power  required  from  the  loads  exceeded 
the  capacity  of  the  stack.  The  PMU  managed  the  distribution  of  the 
electric  loads  between  the  DMFC  stack  and  the  battery. 

3.  Results  and  discussion 

In  order  to  determine  the  size  of  the  DMFC  power  generator 
required  for  fabrication  purposes,  the  power  consumption  required 
by  the  robot  was  tested  while  it  was  performing  various  kinds 
of  activities.  As  shown  in  Fig.  3,  the  robot  utilized  112,  420,  and 
720  W  (this  is  not  shown  in  Fig.  3)  while  standing  still,  walking,  and 
performing  multiple  actions,  respectively.  In  a  normal  operational 
mode  like  walking,  the  robot  can  consume  400  W,  so  the  stack  was 
designed  with  the  capacity  to  generate  about  400  W,  which  was 
adequate  to  cover  the  electric  load  required  for  the  robot  and  the 
BOP,  which  consumed  about  50  W  as  shown  in  Table  2,  of  the  DMFC 

Table  2 

Specification  of  BOP  components. 


Fig.  3.  Power  consumption  of  the  robot  at  various  stages  of  motion:  (1)  and  (2) 
warming-up  and  position  adjustment,  (3)  stand-still  or  hand  shaking,  and  (4)  walk¬ 
ing. 

system.  The  maximum  power  derived,  i.e.,  about  720  W,  was  backed 
up  by  a  battery  connected  in  parallel  with  the  stack. 

Several  variables  were  taken  into  account  in  designing  the 
dimensions  of  the  DMFC  stack,  including  the  size  of  the  MEAs  and 
the  number  of  unit  cells  accommodated  in  the  stack.  As  the  stack 
capacity  can  be  obtained  by  multiplying  the  size  of  the  MEAs  and  the 
number  of  the  unit  cells,  they  are  in  inverse  proportion  under  a  fixed 
electric  power  output.  First,  the  voltage  of  the  electricity  produced 
from  the  stack  under  normal  operating  conditions  was  taken  into 
consideration.  In  order  to  increase  the  efficiency  of  the  DC/DC  con¬ 
verter,  which  was  usually  in  the  range  of  80-90%,  the  stack  design 
was  modified  to  produce  higher  voltages  of  about  18-20  V  under 
normal  operating  conditions.  Therefore,  we  have  decided  to  use 
MEAs  with  an  active  area  of  138  cm2  and  to  pile  up  42  unit  cells  to 
build  a  stack,  which  could  generate  a  total  of  19.3  V  (0.46  V  per  unit 
cell)  and  about  400  W  of  power. 

The  stack  was  tested  to  find  its  optimal  operating  conditions, 
under  which  it  could  produce  the  desired  amount  of  electric 
power  and  be  operated  stably  with  low  degradation  or  without 
any  malfunction.  The  concentration  of  methanol  feed  can  affect  the 
temperature,  performance,  and  durability  of  the  stack.  Therefore, 
the  temperature  variation  in  the  stack  was  first  observed  by  cir¬ 
culating  the  methanol  feed  at  a  room  temperature  of  25  °C  under 
open  circuit  conditions.  Three  different  concentrations  of  methanol, 
i.e.,  0.5,  0.8  and  1.0  M  were  fed  to  the  anode.  It  was  found  that  the 
1.0  M  feed  raised  the  temperature  of  the  stack  to  80  °C,  even  under 
open  circuit  conditions.  The  temperature  of  the  stack  remained  at 
30  °C  with  the  0.8  M  methanol  feed  and  at  25  °C  with  the  0.5  M 
methanol  feed.  Therefore,  it  was  decided  to  rule  out  using  the  1.0  M 
feed,  because  the  temperature  of  the  stack  could  have  risen  higher 
than  80  °C  during  the  course  of  the  electrochemical  reactions  that 
generated  heat  and  electric  power  in  the  stack  [22]. 

In  order  to  determine  the  optimal  concentration  of  methanol, 
the  performance  of  the  stack  was  studied  by  using  0.5  and  0.8  M  of 
methanol.  Fig.  4  compares  the  performance  of  the  stack  using  dif¬ 
ferent  concentrations  of  methanol.  In  these  experiments,  the  flow 
rates  of  the  reactants,  methanol  and  air,  were  fixed  based  on  the  sto¬ 
ichiometries  of  3.6/3.6  at  a  current  density  of  150  mA cm-2.  Under 
the  given  operating  conditions,  0.8  M  of  methanol  produced  about 
400  W  of  power,  while  0.5  M  of  methanol  could  produce  around 
200  W  of  power.  Therefore,  we  decided  to  use  0.8  M  of  methanol  as 
fuel  in  the  stack  of  the  DMFC  system. 

Another  big  issue  in  DMFC  systems  is  the  maintenance  of 
methanol  feed  concentration  at  a  given  value.  The  easiest  method 
might  be  the  use  of  a  methanol  sensor,  but  the  state  of  the  art 
methanol  sensors  are  expensive  and  difficult  to  be  accommodated 
into  DMFC  systems.  Therefore,  as  mentioned  in  the  experimental 
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Fig.  4.  Performance  of  the  DMFC  stack  with  different  methanol  feed  concentrations. 

section,  a  SLCC  was  used  as  shown  in  Fig.  5.  In  the  initial  stage 
of  this  experiment,  the  methanol  concentration  was  permitted  to 
drop  to  0.3  M  by  allowing  electrochemical  reactions  in  the  stack  that 
could  draw  a  current  of  around  20  A.  Under  these  conditions,  the 
SLCC  was  manually  turned  on  to  increase  the  feed  concentration  of 
methanol  to  reach  the  set  value  of  0.8  M.  At  first,  the  concentration 
exceeded  the  set  point,  but  it  soon  dropped  and  the  feed  concen¬ 
tration  reached  the  value  of  0.8  M  in  20  min.  This  ensured  that  the 
SLCC  operated  in  an  efficient  manner  and  maintained  the  methanol 
feed  concentration  at  the  set  point  with  a  deviation  of  around  10%. 

The  temperature  of  a  DMFC  stack  usually  increases  due  to  the 
heat  released  by  the  exothermic  cathodic  reaction  and  oxidation 
of  crossed  methanol  at  the  cathode.  Therefore,  in  this  system  a 
heat  exchanger  was  used  to  quench  the  heated  methanol  solu¬ 
tion  coming  out  of  the  stack.  As  shown  in  Fig.  6,  the  temperatures 


Fig.  5.  Changes  in  the  methanol  feed  concentration  while  it  is  controlled  by  the 
SLCC. 


Fig.  6.  Changes  in  the  temperatures  of  the  reactants  that  enter  and  exit  the  stack. 


of  the  methanol  solution  and  the  air  that  entered  and  exited  the 
stack  were  initially  maintained  at  25  °C.  Since  the  methanol  solu¬ 
tion  was  being  circulated  through  the  stack,  the  temperature  of 
the  methanol  solution  from  the  stack  (‘anode  out’  in  the  figure) 
gradually  increased  similar  to  temperature  of  the  methanol  feed 
(‘anode  in’).  The  ‘anode  out’  temperature  rose  above  50  °C  in  12  min; 
then,  the  fan  attached  to  the  heat  exchanger  automatically  switched 
on  to  keep  the  temperature  of  the  methanol  feed  at  50  °C.  Sub¬ 
sequently,  in  this  experimental  condition  the  temperature  of  the 
methanol  feed  declined  to  around  50  °C  and  the  temperature  of 
the  methanol  solution  coming  out  of  the  stack  was  maintained  at 
around  65  °C.  The  temperature  of  air  at  the  cathode  outlet  was 
found  to  be  75  °C,  which  was  higher  than  that  of  the  methanol 
solution.  The  exothermic  reaction  at  the  cathode  is  responsible  for 
the  increase  in  temperature  of  the  stack,  even  though  the  anodic 
reaction  is  endothermic. 

In  this  DMFC  system,  the  voltage  of  the  DC  electricity  generated 
by  the  stack  varied  from  16  to  34  V,  depending  on  the  amount  of  cur¬ 
rent  produced.  In  order  to  utilize  the  electricity,  the  voltage  should 
be  regulated  to  a  constant  reading  of  28  V  through  a  DC/DC  con¬ 
verter.  The  PMU  used  in  this  study  was  a  kind  of  micro-processor 
that  functioned  to  regulate  the  DC  voltage  and  control  the  operation 
of  the  BOP  system,  such  as  the  valves,  liquid  pumps,  air  blowers, 
fans,  and  electric  switches  to  route  the  electric  power  to  various 
loads.  Fig.  7  shows  the  efficiency  of  the  power  management  unit 
that  could  transform  the  varying  voltages  (16-22  V)  to  a  higher  out¬ 
put  of  28  V  as  the  total  electric  power  varied  from  50  to  250  W.  The 
efficiency  of  the  converter  is  found  to  be  around  95%  for  all  the  input 
voltages  tested.  If  the  input  voltages  are  much  lower  than  the  target 
voltage,  the  efficiency  can  be  reduced  to  below  90%.  Therefore,  in 
order  to  obtain  higher  efficiency,  the  voltage  of  electricity  from  the 
stack  should  be  maintained  as  close  to  the  target  voltage  as  pos¬ 
sible,  by  controlling  the  operating  conditions  or  by  increasing  the 
number  of  cells  in  the  stack. 

After  testing  all  the  components  in  the  DMFC  system,  the  stack 
was  integrated  with  the  BOP,  a  PMU,  and  a  battery  to  build  a 
stand-alone  DMFC/battery  hybrid  system  on  a  breadboard.  In  this 
experiment,  a  200  Wh  Li-ion  battery  was  employed  for  back-up 
power.  The  performance  of  the  DMFC  power  generator  was  tested  to 
determine  whether  it  could  be  operated  automatically  and  in  a  sta¬ 
ble  manner,  without  any  malfunction,  under  various  electric  loads. 
To  study  the  load  sharing  behavior  between  the  stack  and  the  bat¬ 
tery,  a  set  of  experiments  was  designed  and  conducted  using  an 
artificial  load  that  could  simulate  the  robot’s  power  consumption. 
As  shown  in  Fig.  8(a),  the  electric  load  was  increased  stepwise  from 
5  to  15  A,  while  monitoring  the  power  drawn  from  the  stack  and 
the  battery.  In  this  experiment,  the  electric  power  was  consumed 
by  the  artificial  load  and  the  BOP.  The  load  imposed  by  the  BOP  is  not 
shown  in  this  graph,  but  the  artificial  load  (denoted  as  ‘robot’)  plus 


Fig.  7.  Efficiency  of  the  power  management  unit  (PMU)  at  various  input  power  and 
voltage. 
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Fig.  8.  Performance  of  the  stand-alone  DMFC/battery  hybrid  system  at  various  elec¬ 
tric  loads:  (a)  load  sharing  between  the  stack  and  the  battery  and  (b)  efficiency  of 
the  hybrid  system. 


the  BOP  load  is  equivalent  to  the  sum  of  the  power  drawn  from  the 
stack  and  the  battery.  At  lower  loads,  i.e.,  below  10  A,  all  the  loads 
could  be  rendered  solely  by  the  stack.  At  a  higher  load  of  15  A,  the 
stack  was  not  able  to  deliver  its  full  power,  so  part  of  it  was  supplied 
by  the  battery. 

Fig.  8(b)  shows  the  fuel  utilization,  load  efficiency,  and  overall 
efficiency  while  power  was  drawn  from  the  stack  and  the  battery,  as 
presented  in  Fig.  8(a).  The  fuel  utilization  was  calculated  based  on 
the  amount  of  methanol  consumed  and  the  corresponding  power 
produced  by  the  stack.  The  fuel  utilization,  r]fueh  was  calculated  as 
shown  below: 

Wr 

*7fuel  —  777  x  100  (1) 

W  total 

where  Wc  and  Wtotal  are  the  amount  of  methanol  used  to  gener¬ 
ate  the  given  amount  of  power  and  the  total  amount  of  methanol 
consumed  in  the  stack,  respectively.  The  feed  utilization  increased 
with  increasing  load,  and  reached  around  68%  at  a  load  of  15  A.  The 
load  efficiency  (^ioad)  was  calculated  on  the  basis  of  the  voltages  as 
follows: 

Pleiad  —  77  x  100  (2) 

VTh 

where  Vc  and  VTh  are  the  voltage  of  the  cell  and  the  theoretical 
voltage,  respectively.  The  overall  efficiency  of  the  stack,  Coverall* can 
be  obtained  as  shown  below: 

Coverall  =  ^fuel  x  *7load  (3) 

As  shown  in  Fig.  8(b),  as  the  electric  load  increased  the  fuel 
utilization  also  increased,  and,  therefore,  the  overall  efficiency 
improved.  An  overall  efficiency  of  as  high  as  27.3%  was  attained 
when  15  A  was  drawn  from  the  stack.  As  the  electric  load  increased, 
the  utilization  of  fuel  increased,  the  loss  of  methanol  was  mini¬ 
mized,  and,  thus,  the  overall  efficiency  improved.  In  the  stand-alone 


DMFC/battery  hybrid  system,  the  DC/DC  converter  efficiency  was 
found  to  be  around  96.0%  and  the  BOP  and  the  PMU  consumed  a 
total  of  50  W,  as  mentioned  above.  The  BOP  efficiency  (r/B op)  was 
calculated  and  found  to  be  84.0%.  This  coincides  with  the  fact  that 
16.0%  of  the  power  generated  by  the  fuel  cell  stack  was  consumed 
to  convert  the  DC  voltage  and  to  operate  the  BOP  and  the  PMU. 

After  testing  the  stand-alone  DMFC  system  and  confirming  its 
stable  operation,  the  DMFC  system  was  integrated  with  the  robot. 
The  empty  space  in  the  robot  body  was  enlarged  by  restructuring 
the  robot  to  accommodate  the  DMFC  system.  Flowever,  the  space 
acquired  by  this  modification  was  not  sufficient,  so  a  backpack  had 
to  be  attached  to  the  robot,  as  shown  in  Fig.  9.  The  modification 
of  the  robot  was  difficult,  because  the  weight  balance  of  the  robot 
had  to  be  maintained  for  stable  operation.  With  trial-and-error  the 
DMFC  system,  which  has  the  weight  of  about  12  kg  and  the  volume 


Fig.  9.  A  picture  of  HUBO  equipped  with  a  DMFC  power  source. 
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Fig.  10.  Operation  of  the  DMFC-powered  robot,  showing  the  load  sharing  between 
the  DMFC  stack  and  the  battery. 


of  about  20  L,  was  successfully  integrated  and  the  robot  could  be 
operated  in  a  stable  manner.  The  robot  could  walk  and  perform 
various  kinds  of  activities,  as  programmed,  with  power  supplied 
by  the  DMFC  system.  The  electric  power  consumption  of  the  robot 
was  monitored  to  determine  how  power  was  distributed  while  the 
robot  performed  different  type  of  activities.  Fig.  10  shows  the  power 
consumption  in  terms  of  electric  current  by  the  robot,  and  load 
sharing  between  the  DMFC  stack  and  the  battery.  In  this  figure,  the 
difference  between  the  total  power  and  the  power  consumption  by 
the  robot  is  the  power  consumed  by  the  BOP,  including  the  PMU. 
At  10  min  of  operation,  the  power  consumption  by  the  robot  was 
lower  than  the  power  produced  by  the  DMFC  stack.  Under  those 
conditions,  the  stack  could  render  all  the  loads  required  by  the  BOP 
and  the  robot.  Therefore,  the  total  power  consumption  was  equal 
to  the  power  generated  by  the  stack.  After  45  min,  when  the  robot 
was  very  active,  it  required  more  power  than  was  supplied  by  the 
stack,  which  necessitated  a  portion  of  the  power  being  supplied 
by  the  battery.  At  70  min  of  operating  time,  when  the  robot  was 
in  an  idle  state,  the  power  requirement  dropped.  At  this  stage,  the 
surplus  electricity  produced  from  the  DMFC  was  used  to  recharge 
the  battery. 

Another  important  factor  is  the  performance  of  the  power  sys¬ 
tem,  evaluated  by  calculating  the  total  efficiency  of  the  system.  This 
can  be  defined  as  the  ratio  of  the  electrical  energy  produced  to 
the  chemical  energy  consumed.  The  total  efficiency  of  the  system, 
1) system,  IS  as  follows: 


?7 system  =  Coverall  x  *7bOP  x  *7dC/DC  (4) 

Fig.  11  shows  the  breakdown  of  the  chemical  energy  of  methanol 
fuel  that  was  consumed  by  the  DMFC  system  to  generate  electricity. 
During  the  DMFC  operation,  40.7%  of  the  methanol  was  lost  due  to 
heat  and  electrochemical  resistance  in  the  course  of  fuel  cell  reac- 
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Fig.  11.  A  breakdown  of  the  energy  consumption  in  the  DMFC  system. 


tions,  32.0%  by  methanol  crossover  and  evaporation,  and  5.3%  was 
consumed  by  the  BOP,  including  the  DC/DC  converter.  Ultimately, 
the  net  electrical  power  (the  total  system  efficiency)  was  found  to 
be  approximately  22.0%.  Therefore,  to  increase  the  energy  efficiency 
of  the  system,  the  methanol  crossover  should  be  minimized. 

4.  Conclusions 

A  DMFC  system,  the  first  of  its  kind,  was  developed  to  power  a 
humanoid  robot  called  HUBO  (125  cm  and  56  kg).  The  DMFC  stack, 
comprised  of  42  cells,  showed  very  high  and  stable  performance 
(150  mA cm-2  at  0.46  V,  70mWcm-2,  405  W).  The  volume  of  the 
DMFC  system,  however,  was  too  big  to  insert  into  the  open  space 
of  the  robot’s  body,  so  the  robot  was  equipped  with  a  backpack  to 
accommodate  it.  Therefore,  to  prevent  DMFC-powered  robots  from 
becoming  too  large,  either  the  volume  of  the  DMFC  system  should 
be  reduced,  or  the  power  density  of  the  system  should  be  enhanced. 
Another  big  issue  with  the  DMFC  system  is  the  low  energy  efficiency 
due  to  methanol  loss  incurred  by  crossover  and  evaporation.  In  this 
DMFC  system,  the  loss  of  methanol  by  crossover  and  evaporation 
amounted  to  32.0%  of  the  total  methanol  energy  consumed,  and  the 
efficiency  for  the  generation  of  net  electric  power  was  only  22.0%. 

The  DMFC-powered  robot  operated  in  a  stable  manner  and 
demonstrated  various  kinds  of  activities.  In  fact,  for  the  first 
time,  the  DMFC  system  has  been  successfully  exploited  to  power 
humanoid  robots.  The  DMFC  system  must  evolve  in  such  a  way  that 
the  size  is  decreased  and  the  energy  efficiency  is  enhanced. 
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